Polymer-derived pyrolytic carbons (PyCs) are highly desirable building blocks for high-strength low-density ceramic meta-materials, and reinforcement with nanofibers is of interest to address brittleness and tailor multi-functional properties. The properties of carbon nanotubes (CNTs) make them leading candidates for nanocomposite reinforcement, but how CNT confinement influences the structural evolution of the PyC matrix is unknown. Here, the influence of aligned CNT proximity interactions on nano-and mesoscale structural evolution of phenol-formaldehyde-derived PyCs is established as a function of pyrolysis temperature (T p ) using X-ray diffraction, Raman spectroscopy, and Fourier transform infrared spectroscopy. Aligned CNT PyC matrix nanocomposites are found to evolve faster at the mesoscale by plateauing in crystallite size at T p $ 800 C, which is more than 200 C below that of unconfined PyCs.
Introduction
Nanoarchitected ceramic meta-materials, especially those made from additively manufactured polymerderived ceramics [1] [2] [3] , have great potential for nextgeneration strong and ultra-lightweight structural materials due to their high specific strength and stiffness [1] [2] [3] [4] [5] [6] [7] [8] [9] . But the application of these meta-materials is hindered by the inherently brittle and flawsensitive ceramics that comprise their building blocks [9] . Although ceramic nanocomposites were previously shown to exhibit significantly enhanced toughness compared to the pure ceramic matrix [10] [11] [12] , limitations of current generation 3D printing techniques [1, 13] have caused these advancements to have little impact on the ceramic meta-materials studied previously [1] [2] [3] [4] [5] [6] [7] [8] [9] . Recent work on nanoarchitected ceramic materials made from polymer-derived pyrolytic carbon (PyC), coupled with extensive previous work showing that nanofiber (NF)-reinforced polymer matrix nanocomposites can exhibit enhanced stiffness and ductility [14] [15] [16] , indicate that meta-materials could soon be fabricated using NF-reinforced ceramic nanocomposites with enhanced mechanical properties [17] [18] [19] . However, since the nano-, meso-, and microscale structure of the PyC matrix strongly influences the mechanical behavior of the ceramic nanocomposites, but not much is currently known about the impact of NF proximity on the graphitic crystallite formation and self-organization processes, in this report we quantify the evolution of NF-confined graphitic crystallites in PyC matrix nanocomposites as a function of the pyrolysis temperature (T p ).
The theoretical physical properties, in combination with their ability to be produced in large industrial scales [23, 24] , have motivated the previous exploration of carbon nanotubes (CNTs) as NF reinforcement in polymer matrix nanocomposites in both aligned [25] [26] [27] [28] [29] and randomly oriented [29] [30] [31] [32] [33] morphologies. Because CNT alignment can take full advantage of the anisotropic mechanical properties of the CNTs [23, 34] and also facilitates the polymer infusion process [35, 36] , e.g., through capillary-assisted wetting, the polymer-derived ceramics studied here consist of aligned CNT PyC matrix nanocomposites (A-CMNCs). See Fig. 1a for a multi-scale illustration of the A-CMNC structure. Since the chemistry in the polymeric matrix precursors strongly influences the processing conditions and properties of the resulting PyC matrix in the A-CMNCs [37] [38] [39] [40] , to ensure that the A-CMNCs studied here are directly applicable to polymerderived ceramic meta-materials, the polymer resin utilized to synthesize the precursor nanocomposites had to be both compatible with additive manufacturing techniques (e.g., photoresists) and yield a stiff and lightweight PyC.
Two polymeric precursors commonly utilized for the synthesis of PyCs include polyacrylonitrile (PAN) and phenol-formaldehyde (P-F), both of which yield non-graphitizing PyCs, as coined by Franklin in the 1950s [37] , that are characterized by smaller graphitic crystallites that exhibit significant disorder, lack a preferential alignment direction, and enclose randomly shaped mesoscale pores [37] [38] [39] [40] . Although the influence of CNT confinement on the structural evolution of PAN during pyrolysis was previously studied in detail [41] [42] [43] [44] [45] [46] [47] , and it was found that CNTs may [41] [42] [43] or may not [44] [45] [46] [47] help facilitate graphitization at T p \1500 C, not much is currently known about how CNTs impact the graphitic crystallite growth and self-organization in P-F composites. A recent report has explored the impact of CNT confinement on the pyrolyzation of P-F [48] , but this study did not report the evolution of the three common measures that normally characterize the graphitic crystallites that comprise the PyCs [49] [50] [51] [52] [53] [54] : the crystallite size (L a ) originating from the (100) and (110) 3D lattice planes (i.e., via the [100] and [110] Miller indices also known as hk'); the crystallite thickness (L c ) originating from the (002) lattice plane (i.e., via the [002] hk'); and the inter-layer separation of the (002) lattice planes (d 002 ). See inset of Fig. 1a for an illustration of the L a , L c , and d 002 that define the graphitic crystallites, and Fig. 1b for their evolution in pure P-F undergoing pyrolysis up to T p $ 3000 C [20] [21] [22] . Because many P-F resins are commercially available as ultraviolet curable photoresists [55] , such as the broadly utilized SU8 photoresist, and typically yield PyCs with low densities ( 1.2g/cm 3 ) and high hardness ( ! 4 GPa) [22] , they are well suited for additive manufacturing of nextgeneration polymer-derived ceramic meta-materials. This means that elucidation of the influence of CNT confinement on the nano-, meso-, and microscale evolution of the P-F resin during pyrolysis at temperatures typical of additive manufacturing processes (i.e., T p 1500 C [1] [2] [3] ) is necessary, and in this report we use in-depth morphological, structural, and chemical information to quantify how aligned CNTs impact the graphitic crystallite growth and self-organization in the PyC matrix of A-CMNCs.
Methods

Synthesis and processing techniques
Aligned CNT arrays were grown in a 22-mm-internal-diameter quartz tube furnace at atmospheric pressure via a thermal catalytic chemical vapor deposition process, very similar to a previously described process with ethylene as the carbon source and water vapor added to the inert gas [56] [57] [58] . The CNTs were grown on 1 cm Â 1 cm Si substrates forming aligned CNT arrays that are up to $ 1 mm tall, and are composed of multiwalled CNTs that have an average outer diameter of $ 8 nm (3-7 walls with an inner diameter of $ 5 nm and intrinsic CNT density of $ 1.6 g/cm 3 ) [36, 58] , inter-CNT spacing of $ 70-80 nm [59] [60] [61] [62] , and V f of $ 1% CNTs [58] . A post-growth H 2 anneal [63] is used to weaken the attachment of the CNTs to the catalyst layer, which enables the easy delamination of the CNT array from the Si substrate using a standard lab razor blade, thereby allowing further CNT processing to be performed in their free-standing state. Fabrication of P-F polymer precursors via vacuum assisted wetting was performed by first gently depositing free-standing CNT arrays into hollow cylindrical Al molds, ensuring that the primary axis of the CNTs was orthogonal to the plane of the mold. The CNT array was then infused with a de-gassed phenolic resin (Durite SC-1008, Momentive Specialty Chemicals, Inc.) at 40 C under vacuum for $ 24 h to allow the highly viscous P-F resin sufficient time to infiltrate the inter-CNT space before curing to form the polymeric nanocomposite precursors to the ACMNCs [36, 64, 65] . This 24-h vacuum infusion step also enabled the majority of air trapped in the P-F resin as it flowed into the inter-CNT space to be removed, which thereby minimized the porosity of the P-F matrix in the polymeric nanocomposite precursors. The pure P-F and polymer nanocomposite precursors were then cured for 6 h at 80 C under vacuum [36, 64, 65] . These P-F polymer nanocomposite precursors to the A-CMNC preserve the original V f of the aligned CNT arrays (i.e., $ 1 vol% CNTs and $ 99 vol% P-F resin), and since the density of the P-F resin is $ 1:1 AE 0:1 g/cm 3 , this corresponds to a CNT mass fraction of $ 1:5 illustration of the PyC and A-CMNC polymeric precursor synthesis approach. The polymer precursor samples were then heattreated to transform the P-F resin into pyrolytic carbon (PyC). Pyrolysis was performed using a commercial hot wall tube furnace (STT-1600, from SentroTech Corp.) with a 3.5-in-inner-diameter SiC tube in an Ar environment at a ramp rate of 4 C/min (furnace maximum) at the following T p and hold times (t hold ) of t hold ¼ 30 min (See Sec. S1 in the Supplementary Materials for illustration): 600, 800, 1000, 1200, and 1400
C. An alumina boat was used to ensure that the prepared PyC samples exhibited minimal curvature post-pyrolysis. See Sec. S2 in the Supplementary Materials for electron microscopy characterization of the cross-sectional morphology of PyCs and A-CMNCs synthesized at 600 C T p 1400 C.
XRD analysis
To calculate the average effective L a , L c , and d 002 of the graphitic crystallites that comprise the PyCs, the (100) and (002) peaks of the XRD pattern are used in conjunction with the Scherrer equations and Bragg's law as follows [51] [52] [53] [54] :
where k xrd is the wavelength of the incident X-ray radiation, b 002 and b 100 are the full width at half maximum of the (002) and (100) peaks, h 002 and h 100 are the positions of the (002) and (100) peaks, and n xrd is an integer that corresponds to the number of (002) layers the incident radiation traveled before being reflected (! n xrd ¼ 1 is normally assumed) [66] . Since the peak position and full width at half maximum of the (110), h 110 and b 110 , can also be used in Eq. 1 (i.e., instead of h 100 and b 100 , respectively) to yield an independent and supplemental approximation of L a [53] , here the L a values we reported are an average of the ones estimated using the (100) and (110) 
Raman spectroscopy analysis
Raman spectra were collected using a LabRam HR800 Raman microscope (Horiba Jobin Yvon) with 532-nm (2.33 eV) laser excitation through a 50Â objective (N.A. 0.75). Several spots on each sample (for at least three samples at each T p ) were studied to ensure that representative data were used when calculating the intensity (I D =I G ) and area (A D =A G ) ratios of the D-and G-bands of the Raman spectra. To facilitate the analysis of the defect information provided by Raman spectroscopy, the Raman spectra were fit using two Lorentzian distributions corresponding to the graphitic D-band (centered at x D $ 1350 cm À1 ) and amorphous carbon (a-C) G-band 
FTIR analysis
FTIR spectroscopy was performed using a FTIR 6700 Fourier transform infrared spectrometer (Thermo Fisher Scientific, Inc.), and the chemical structure was analyzed using the OMNIC software (Thermo Fisher Scientific, Inc.). The attenuated total reflection mode technique was used to study the chemistry of a cured phenolic resin baseline, and the KBr pellet method was employed in transmission mode. All FTIR signal was transformed to absorbance mode during the analysis. An average of 64 scans with a resolution of 8 cm À1 were taken for each sample, and 3 samples were tested at each T p .
Results and discussion
Graphitic crystallite geometry evolution Crystallite geometry in carbon materials is commonly approximated using the effective L a , L c , and d 002 that are evaluated from their X-ray diffraction (XRD) patterns [52] [53] [54] . See Fig. 2 Table S1 in Sec. S3, Supplementary Materials). As shown in Fig. 2a , the diffraction patterns (smoothed using a 32-point moving average) of P-F resin transforming into PyC with (i.e., A-CMNC) and without (i.e., PyC) CNT confinement exhibit three main peaks of interest [72, 73] : the first is observed at 18 / 2h / 22 and belongs to the (002) plane; the second is observed at 2h % 43 and belongs to the (100) plane; and the third is observed at 2h % 78 and belongs to the (110) plane. Shifting of the (002) peak and large changes in intensity of the (100) and (110) peaks relative to the (002) peak, especially in the A-CMNC spectra, are indicative of a decrease in average crystallite curvature (i.e., fluctuation of the d 002 ) and a turbostratic stacking order [73] . Turbostratic stacking order is further supported by the evolution of d 002 as a function of T p , as shown in Table S1 Fig. 2b , CNT confinement does not lead to measurable reductions in the d 002 of A-CMNCs, which indicates that the CNTs do not significantly influence the atomic order of the graphitic crystallites that comprise the PyC matrix of the A-CMNCs. This is consistent with previous reports on PAN-derived PyCs reinforced with CNTs [44] [45] [46] [47] . Additionally, the (002) peak may also be related to both annihilation of native defects and an increase in L c of the graphitic crystallites [73] . These results indicate that while higher T p leads to lower crystallite curvature and disorder, the crystallites are still not truly graphitic in nature, since the (002) peak is at 2h\26:5
[(002) peak position for graphite] [52] , and that the glassy crystallite arrangement that is expected for P-F undergoing pyrolysis likely holds [39, 55] . Using the (002), (100), and (110) peaks, the geometry of the graphitic crystallites that comprise the PyCs can be studied further.
As Table S1 (Sec. S3, Supplementary Materials) and Fig. 2c illustrate, the L a of PyCs grows with increasing T p up to T p $ 1000 C, and that L a plateaus at L a $ 5 nm for T p [ 1000 C, which is in good agreement with previous work on P-F undergoing pyrolysis [22] . On the other hand, Fig. 2c illustrates that the L a of A-CMNCs, which starts at a value similar to that of the PyCs at T p % 600 C (L a $ 2 nm), grows 
Bonding character evolution
Raman spectroscopy is widely utilized for qualitatively analyzing defect densities and disorder in carbon materials [69, [74] [75] [76] , and representative Raman spectra for P-F undergoing pyrolysis with (ACMNCs) and without (PyCs) CNT confinement are found in Fig. 3 . As Fig. 3 shows, the main qualitative evolution of the Raman spectra of PyCs and ACMNCs is that the D-band, which is normally found at $ 1335-1350 cm À1 and is representative of defects/disorder in the (002) plane [69, [74] [75] [76] [77] [78] , is increasing in intensity, while the G-band, which is usually found at $ 1580-1600 cm À1 and corresponds to the in-plane sp 2 bond stretching [69, [74] [75] [76] [77] [78] , is unchanged. This is confirmed in Fig. 3b , where the intensity (I D =I G ) and area (A D =A G ) ratios of the Dand G-bands, which are a common way to discern whether one material/sample is more or less graphitic than another [69, 74, 79, 80] , are presented as a function of T p . The three-band fitting functions that approximated the Raman spectra of PyCs and ACMNCs (see Fig. 3a ), and were subsequently used to evaluate the I D =I G and A D =A G presented in Fig. 3b are found in Sec. S4 of the Supplementary Materials. As Fig. 3b illustrates, I D =I G increases monotonically as a function of T p , whereas A D =A G is seen to increase up to T p $ 1000 C and subsequently decrease as T p continues to rise. This behavior is related to thermally activated defect formation and annihilation [81] , for example, since the heat introduced during pyrolysis could potentially lead to the formation of new wall defects in the CNTs and/or could enable the native wall defects, which were found to be present in significant enough amounts to allow small gas molecules to diffuse through the CNT walls into their inner core [82, 83] , to migrate and annihilate [81] . The observed variance in the I D =I G and A D =A G evolution as a function of T p is related to their origin from the vibrational density of states, where A D =A G better represents the impact of defects when their probability is low while I D =I G better represents the modes/ vibrations that account for the most resonant Raman processes [84] . This difference illustrates that A D =A G is best suited for studying low defect density carbon materials (e.g., CNTs) [84] , while I D =I G could yield more representative information for highly defective carbon materials (e.g., PyCs) [84] , and further emphasizes that the inclusion of both quantities is necessary for composites that contain both types of carbon materials (e.g., A-CMNCs). To help extract further information from the Raman spectra, the half width half maximums of the D-and G-bands (c D and c G , respectively) need to be evaluated and are found in Fig. 3c . As Fig. 3c indicates, c D decreases as a function of T p from c D $ 120-50 cm À1 , while c G remains constant to within the experimental uncertainty at c G $ 35 cm À1 . This type of behavior is consistent with stage 2 in the three-stage amorphization trajectory originally proposed in Ref. [69] and further explored for defective graphene (Ref. [84] ) and PyCs (Ref. [71] ), since Ref. [84] [71] . The PyCs and A-CMNCs being in stage 2 of the amorphization trajectory are in agreement with the XRD results, which indicate that the graphitic crystallites that comprise the PyCs grow until T p $ 800-1000 C, at which point L a and L c are either constant or grow very slowly. This scaling in L a and L c supports the findings from Raman spectroscopy because formation of additional grain boundaries within the (100) and (110) family of planes (consistent with a growing L a ) and stacking additional (disordered) graphenelike layers on top of the (001) basal plane (consistent with a growing L c ) leads to larger defect densities that correspond to I D =I G and A D =A G increasing up to T p $ 1000 C. Also, the plateau in evolution of L a and L c at T p [ 1000 C is consistent with the results in Fig. 3b because reorganization of the defects formed at T p \1000 C [81] without further crystallite growth would lead I D =I G to continue to increase (since the most resonant modes dominate [84] ) while A D =A G (representing defect probability [84] ) would decrease. Additionally, although the XRD results showed a measurable impact of CNT confinement on the evolution of the L a and L c of the graphitic crystallites that comprise the PyCs, Raman spectroscopy, which measures differences on the atomic scales, shows no statistically significant difference between pure PyCs and A-CMNCs that is consistent with CNT confinement having little to no impact on the d 002 evolution. This indicates that although CNT confinement could have a significant impact on the amorphization trajectory of the PyC matrix in A-CMNCs, the CNTs would need to be of smaller diameter, as in recent reports for double-walled and single-walled CNTs [41, 42] , or be of significantly higher volume fraction (i.e., closer confinement of the PyC).
Chemical structure evolution
Fourier transform infrared (FTIR) spectroscopy is widely utilized to analyze the chemical structure of carbon materials [85] , and representative FTIR patterns of PyCs and A-CMNCs are found in Fig. 4 . As  Fig. 4 demonstrates, PyCs (Fig. 4a) and A-CMNCs (Fig. 4b ) exhibit evidence of -OH stretching, which is a characteristic of thermoset resins such as P-F [86] and is represented by the $ 3455 and 1400 cm À1 bands [86, 87] . This finding for A-CMNCs is also in strong agreement with a recent report that found a significant amount of moisture adsorbed onto the surface of the CNT arrays in ambient conditions [82] . The bands at $ 2920 and $ 2851 cm À1 correspond to sp 2 (ÀCH 2 ) and sp 3 (ÀCH 3 ) functional groups [87] , and their small enhancement in relative intensity as T p increases up to T p $ 800-1000 C is consistent with the XRD results (see Fig. 2c ) since such functional groups would most likely be affected by changes in the aspect ratio of the graphitic crystallites in the pure PyCs and PyC matrix of A-CMNCs. Also, Fig. 4 illustrates the presence of C=C stretching in the aromatic rings that comprise the graphitic crystallites, which is represented by the $ 1636 cm À1 peak [87, 88] . The broadening of the $ 1636 cm À1 band could also be attributed to C-O in the benzophenone groups [22] . Having both peaks around $ 1374 and $ 1636 cm À1 could also indicate the presence of C-O stretching originating from carboxyl groups [88] . Since C-O groups are most likely present either between the layers of the graphitic crystallites or on their edges, the evolution of the band at $ 1060 cm À1 (likely a result of C-O stretching [85, 87, 88] ) as T p increases is consistent with the crystallite size evolution observed by XRD (see Fig. 2c ). The changes in the aromatic parts (675-900 cm -1 ) as a function of T p can be traced back to the proportion of ÀCH groups present in the condensed aromatic structures, and those found in the phenyl ring [86] . This indicates that the changes are related J Mater Sci (2017) 52:13799-13811 to the interaction between the phenolic groups, which results in further cross-linking via ether bridges [86] . While the bands normally ascribed to ÀOH, C-O, and C=C groups shown in Fig. 4b are also characteristic of pure multiwalled CNTs [89, 90] , the additional ÀCH 2 and ÀCH 3 bands present in the PyC and A-CMNCs are not commonly seen in multiwalled CNTs [89, 90] meaning that they primarily exist on the graphitic crystallites that comprise the PyCs. Since Fig. 4a, b shows a large degree of overlap between the PyC and A-CMNC FTIR pattern, these results illustrate that CNT confinement likely has very little impact on the functional groups present on the surface/edges and between the turbostratic and disordered carbon planes that comprise the crystallites in the PyC matrix of the A-CMNCs. This finding is in agreement with the XRD and Raman spectroscopy results which showed that CNT confinement does not lead to atomic-scale evolution of the PyC matrix, and additional work with CNT arrays that have an average separation on the same order of the crystallite size (i.e., \10 nm) is needed to explore if CNT proximity interactions, such as the p-p interactions that lead to graphene and graphene oxide nanoscrolls [78] and highly graphitic pyrolyzed phenol-formaldehyde/graphene oxide aerogels [91, 92] , can lead to reorganization of the functional groups that comprise the graphitic crystallites within the PyC matrix of A-CMNCs.
Conclusions
In summary, the influence of aligned carbon nanotube (CNT) confinement on the atomic and mesoscale evolution of the graphitic crystallites that comprise phenol-formaldehyde (P-F)-derived pyrolytic carbons (PyCs) synthesized at pyrolyzation temperatures (T p ) ranging from T p ¼ 600 to 1400 C was quantified. CNT confinement is found to have a noticeable effect on the crystallite evolution trajectory in PyCs manufactured at T p 1000 C; however, the presence of CNTs has surprisingly little impact on PyCs synthesized at 1000 C\T p 1400 C. The Xray diffraction (XRD) results indicate that aligned CNT PyC matrix nanocomposites (A-CMNCs) with a CNT volume fraction of $ 1 vol% leads the size (L a ) of the graphitic crystallites that comprise the PyC matrix to evolve faster and reach the plateau L a % 5 nm value at T p $ 800 C, while the baseline PyCs achieve L a % 5 nm at a higher T p $ 1000 C, which agrees closely with recent findings on P-F-derived PyCs [22] . Additionally, XRD indicates that CNT confinement in the A-CMNCs has little impact on the evolution of the thickness (L c ) and inter-layer separation (d 002 ) of the graphitic crystallites that comprise the PyC matrix, which indicates that any CNT templating effects, for example, through p-p interactions, primarily impact crystallite growth in the basal plane family of directions. However, these interactions are not sufficient to make the crystallites more graphitic in nature since the d 002 does not achieve which indicates that the CNT contribution is far overshadowed by functional groups present on the surface of the graphitic crystallites that comprise the PyCs. Since the evolutions of the three-dimensional shape and size of pores enclosed by the crystallites that comprise the PyCs and PyC matrix of A-CMNCs are important inputs for quantifying and modeling the crystallite formation and growth mechanics as a function of CNT confinement and T p , as well as modeling physical properties of the resulting material, but this information was not available for this study, further work via X-ray scattering to quantitatively map the multi-scale structure of PyCs and ACMNCs from the atomic to microscales following the approach of recent work [93, 94] is recommended. Because previous work showed that P-F-derived PyCs perform best when manufactured at T p $ 1000 C, since this is the point at which their graphitic crystallites exhibit the highest aspect ratio (linked to enhanced hardness [22] ) with the lowest sp 3 character that forms at higher T p , CNT reinforcement could enable PyC-based meta-materials to be synthesized at more widely accessible and less cost prohibitive processing temperatures below 1000 C without sacrificing mechanical performance. Because the average inter-CNT separation in the $ 1 vol% CNT A-CMNCs studied here is $ 80 nm, but previous work has reported $ 20 vol% CNT arrays with an average spacing 10 nm [59] , further work is required on A-CMNCs with higher volume fractions of CNTs that approach the L c of the graphitic crystallites that comprise the PyC matrix. Since P-F-derived PyCs are a low-density high-hardness material that can already perform on the same order as diamond in aerospace structures, high-volumefraction CNT A-CMNCs, where the aligned CNTs enhance or retain the original PyC hardness while significantly reducing the density, could lead to nextgeneration ultra-lightweight nanoarchitectures that outperform all currently known engineering materials.
